Abstract-We report here a successful demonstration of a flip-chip packaging approach for a microelectromechanical systems (MEMS) device with in-plane movable microelectrodes implanted in a rodent brain. The flip-chip processes were carried out using a custom-made apparatus that was capable of the following: 1) creating Ag epoxy microbumps for first-level interconnect; 2) aligning the die and the glass substrate; and 3) creating nonhermetic encapsulation (NHE). The completed flip-chip package had an assembled weight of only 0.5 g significantly less than the previously designed wire-bonded package of 4.5 g. The resistance of the Ag bumps was found to be negligible. The MEMS microelectrodes were successfully tested for its mechanical movement with microactuators generating forces of 450 µN with a displacement resolution of 8.8 µm/step. An NHE on the front edge of the package was created by patterns of hydrophobic silicone microstructures to prevent contamination from cerebrospinal fluid while simultaneously allowing the microelectrodes to move in and out of the package boundary. The breakdown pressure of the NHE was found to be 80 cm of water, which is significantly (4.5-11 times) larger than normal human intracranial pressures. Bench top tests and in vivo tests of the MEMS flip-chip packages for up to 75 days showed reliable NHE for potential long-term implantation.
processes have been completely developed. MEMS packaging costs now typically contribute more than 50% [1] [2] [3] [4] [5] [6] of the total material/assembly cost. The reasons for the higher packaging cost are partly because MEMS devices typically involve active mechanical structures, requiring stringent packaging constraints [7] and different kinds of unconventional sealing techniques, such as nonhermetic [for pressure sensors and biomedical MEMS (bio-MEMS)] and hermetic (for RF MEMS).
MEMS packaging is still mostly done with wire-bonding technique. However, one of the challenges with this technique is to protect the MEMS mechanical structures throughout the packaging process [6] , [8] . Unlike ICs, which have no active mechanical structures and are protected by several barrier layers in the back end of the silicon, MEMS dies have no protective layers on top of their active structures. Once MEMS dies are released from the foundry, MEMS active structures are exposed to the ambient. In the past, several groups have used an encapsulation Si cap [9] [10] [11] on top of MEMS active structures in the wafer level. This encapsulation cap is usually made from a silicon die etched by a Bosch process [7] to create a cavity that subsequently enclosed the MEMS active structure. This technique enables a MEMS die to be handled like an integrated circuit (IC) chip for further packaging steps [12] , such as wafer dicing, die attach, and wire bonding. This capping approach has been commercially used by Analog Devices, Inc., for its products such as monolithic accelerometer MEMS/ASIC ADXL330 [13] . Since wire bonding is used, the overall package size is significantly larger than the die size. Panchawagh et al. [14] introduced a flip-chip encapsulation method for the packaging of MEMS actuators by using surface-micromachined polysilicon caps in combination with wire bonding. Faheem et al. reported a nonhermetic packaging technique for RF MEMS as an alternative way to reduce MEMS packaging costs [15] .
The second challenge in connecting the die and the substrate via flip-chip technique is the first-level interconnects (FLIs). Ideally, such flip-chip processes must not interfere with the active MEMS structures. In the past, thermosonic bonding [16] technique has been used to bond Au stud bumps with the substrate. However, such bonding technique may interfere with highly sensitive MEMS microsensors such as microphone membrane. To mitigate this issue, the bonding bump can be located hundreds of micrometers away from the MEMS active area. Pai and Walsh have used anisotropic conductive film (ACF) to bond Au bumps on the substrate [17] . One challenge with this technique is that the ACF particulates may contaminate the MEMS active area when it is applied to the die. This problem has been mitigated by covering the MEMS active area with encapsulation such as a MEMS cap [8] , [18] [19] [20] [21] . Campabadal et al. flip chipped solder bumps on the die with the Au pads on the substrate [22] , and in order to avoid any possible flux contamination, the bond pads were placed along the perimeter of the die, providing clearance on the order of several hundreds of micrometers from the MEMS active pads. This technique of moving the bond pads several hundred micrometers away from the MEMS structures therefore increased the MEMS die size and hence enlarged the package size. Most reported MEMS packaging steps via flip chip also require additional microfabrication steps (such as lithography) to develop its FLIs, which electrically connects the die to the substrate. In our previous report [23] , we had demonstrated novel Ag microbumps for FLI structures without any visible contamination of MEMS structures and functional impediment of MEMS operation which required no additional microfabrication process. In this paper, we use the aforementioned technique as the building platform for developing a unique flip-chip-based approach for MEMS packaging that solves the aforementioned challenges.
In addition to addressing the challenges involved in flip-chip packaging of MEMS devices in general, this study also addresses specific packaging challenges involved in the successful development of implantable MEMS devices. In some of these applications, microelectrodes extend off the edge of the die and are implanted in brain tissue, making hermetic encapsulation nonviable. Furthermore, MEMS sensors and/or actuators are exposed to biological environments where NHE technology is a critical packaging need for successful operation [24] . This NHE allows the MEMS sensory part (such as a microelectrode) to be exposed to the biological environment while simultaneously preventing body fluids such as cerebrospinal fluid (CSF) and blood, which contain ions and other biological particles, to enter and contaminate the MEMS active structures. Recent reports have demonstrated the use of flip-chip technique to protect the MEMS active structures and seal the MEMS die nonhermetically. Erismis et al. [25] flip chipped a cap (made of a microfabricated silicon or glass substrate) on the MEMS active electrostatic actuators [26] while leaving a small clearance to let the actuator shuttle extend off the device. A hydrophobic coating was used on the surfaces of the clearance. Dy and Ho [27] also demonstrated a NHE technique for a MEMS device used as a cytomic force transducer for a mechanobiology experiment. The electrical interconnects in both of the aforementioned cases were done through wire bonding.
Generally speaking, flip chip is a preferred packaging method for MEMS (including those for implantable applications) as it reduces the overall package size and provides opportunities to scale the number of MEMS chips through multichip package (MCP) or 3-D stacks (hybrid integration through 3-D). In this paper, we report a novel MEMS packaging process that uses flip-chip technique for the following: 1) electrically connecting the MEMS die to the substrate; 2) protecting the MEMS active area with the MEMS chip itself (without the need for external caps such as MEMS cap or package encapsulation); and 3) providing the clearance necessary to create NHE through patterned microstructures of silicone on one side of the package. The finished MEMS package has no exposed traces or wire and hence requires no additional package encapsulation typically used after wire bonding. The reported MEMS packaging steps were used for MEMS movable microelectrodes which had independently actuated microelectrodes protruding outside the MEMS die. The packaged MEMS device was subsequently implanted and tested in long-term in vivo experiments in rodent brains. To the best of our knowledge, this is the first time that flip-chip-bonded devices containing complex MEMS movable microstructures have been successfully tested on the brain.
II. METHODS

A. MEMS Testing Samples
There are three different types of MEMS testing samples that have been used in this study for the development of flipchip packaging technology: 1) folded beam (chevron) type of actuator; 2) linear actuator; and 3) linear actuator with a rotating gear. Chevron actuator mechanism, as shown in Fig. 1 , has the smallest feature size of about 1.5 µm and has the most complex actuation mechanism that finally moves the microelectrode with the size of 50-µm width and 4-µm thickness. Therefore, the results from chevron actuator are reported and discussed more frequently in the study. As the flip-chip technology reported in this paper has been tested successfully in three different complex actuator mechanisms (as shown in Fig. 5 ), we expect the flip-chip method reported here to be applicable for other MEMS designs.
The works presented in this paper are part of our project to develop fully packaged high-density arrays of MEMS movable microelectrodes for single-neuronal recordings. The MEMS chip, as shown in Fig. 1 , will be referred to as the testing sample throughout the rest of this paper. The overall MEMS testing die size is 2.8 mm × 6.3 mm. Each die/chip contains three independently actuated electrothermal microactuators, which move the microelectrodes. The MEMS chip is made of polysilicon developed using the SUMMiT V process in Sandia National Laboratories, NM.
The mechanism of movable microelectrode with chevron actuators is shown in Fig. 2 . For more details on the operational principles, the reader is referred to our earlier report [28] . Each microelectrode consists of four chevron electrothermal microactuators, two independent microactuators that move the microelectrode either left or right (laterally, along x-axis as shown in Fig. 2 ), and two independent microactuators to lock the microelectrodes in position and prevent drifting. Each microactuator consists of two sets of four to five thermal strips (made of polysilicon with the width of 1.5 µm) that slightly angled to direct the movement of the microactuator. Each electrode is able to move laterally (along x-axis) with an incremental step of 8.8 µm and a maximum stroke displacement of 5 mm. For chevron design, each microelectrode is actuated by two pulses (named A and B) of current: a pulse A with the duration of 300 ms to open the locking mechanisms and a pulse B with the duration of 100 ms to move the microelectrode. A current of approximately 80 mA is drawn for each pulse. This MEMS chip after appropriate electrical and mechanical packaging steps will be implanted on the rat's brain for neuronal recordings.
B. Previous Wire-Bonded Package
Previously, our MEMS chip, as shown in Figs. 1 and 2 , was successfully packaged by using Au wire-bonding technique, with the overall package as shown in Fig. 3 [24] . The MEMS package was successfully implanted on the rat's skull, and the movable MEMS electrodes were capable of recording the single-neuronal activity long-term experiments in Sprague Dawley rats [28] . The overall package of this design was relatively large (more than three times than the actual chip size) and relatively heavy (approximately 5 g) with an overall thickness of approximately 5 mm that does not allow for scaling up the number of movable microelectrodes in the brain to monitor ensembles of neurons. Therefore, an alternative chipscale package for the MEMS chip was needed that will allow us to scale up the number of MEMS chips on a single package to achieve high-density MEMS movable microelectrodes. Higher numbers of movable microelectrodes are generally desirable for a number of neural recording applications such as neural prostheses, as it enables more precision, accuracy, and fine control of direct brain-controlled neural prosthetic limbs [29] , [30] .
C. Custom-Made Flip-Chip Machine
Commercially available flip-chip machines from Finetech, Inc., (Tempe, AZ) and Advanced Technology, Inc. (Philadelphia, PA), were found to be nonoptimal for bump creation for FLI, underfill for encapsulation, etc. Therefore, we developed our own custom-made setup to facilitate flip chip for MEMS. The custom-made flip-chip machine was capable of the following: 1) creating interconnect bumps with diameters as small as 100 µm; 2) performing the necessary alignment between the chip, as small as 3 mm × 3 mm, and a transparent substrate (glass or flexible substrates such as polyimide or Parylene) and performing a flip-chip assembly; and 3) creating a hermetic and/or semihermetic encapsulation to protect the MEMS chip against any liquid or ionic contamination. A schematic of custom-made flip-chip machine developed is shown in Fig. 4 . The main parts of the flip-chip machine were the following. 1) Three-degree-of-freedom (DOF) stage (X, Y, and Z) and rotational stage, which allowed the mounted chip to be moved and aligned properly, with a maximum translation of 13 mm in X-axes and Y -axes and 8.5 mm in Z-axes. 2) A custom-made heater with a calibrated J-type thermocouple connected to a thermostat manufactured by Toho Electronics, Inc., model TTM-J4; the heater surface was designed to have a large enough surface to place our testing sample. 3) A dispensing mechanism manufactured from Engineering Fluid Dispensing (EFD), air power dispenser model Ultimus I. The dispensing tip is a precision stainless steel needle (gauge no. 32) with an inner diameter of 100 µm. The EFD dispensing syringe is attached to a 5-DOF manipulator, which allows the syringe to be adjusted in X-, Y -, and Z-axes and rotation along the X-and Y -axes. 4) An adjustable stereo zoom microscope manufactured by Leica, Inc., with the maximum magnification of 40 times is capable of viewing the device at an angle. The attachment for the syringe can be replaced by a vacuum attachment to pick up the substrate for alignment with respect to the die. A significant upgrade of this flip-chip machine is currently ongoing that will enable flip-chip assembly for nontransparent substrates and also allow 3-D stacking of combinations of MEMS and IC chips.
D. FLIs-Dispensing Technique
We developed three novel techniques to create FLI bumps connecting the MEMS die to the substrate in flip chip, which are described in our earlier report [23] . In this paper, we used Ag epoxy bump interconnects with a height of approximately 100 µm dispensed on an Al-coated 100 µm × 100 µm polysilicon pads. A SEM picture of MEMS microactuator with Ag bump interconnects is shown in Fig. 5 . The Ag bump height is about 100 µm with 10% tolerance prior to packaging; the final collapse height between the die and the substrate after flipchip packaging ranges from 95 to 105 µm. The bonding shear strength of the Ag bumps as reported earlier [23] is approximately 78 MPa/bump for Ag bump built on 100 µm × 100 µm Al pad.
E. Flip-Chip Assembly Steps
The overall steps involved in the proposed flip-chip packaging approach for the MEMS testing sample using the custommade machine are shown in Fig. 6 . These processes can be extended for packaging other MEMS test samples as well.
1) Kitting process to prepare the three main components: the MEMS chip, glass substrate, and Omnetics (Omnetics Connector Corporation) third-level interconnects (TLIs).
2) Bumping process involved dispensing Ag epoxy (E3001;
Epoxy Technology, Inc.) on each of the Al pads to create microscale bumps to build the FLIs with a height of approximately 100 µm (a total of 18 bumps per a testing sample). 3) Flip chip process capable of the following: 1) aligning the die with respect to the transparent glass substrate and 2) bonding the die and substrate together through the FLI Ag bumps. The substeps involved in this process were as follows: 1) The glass substrate was picked up by a suction piston, and 2) the MEMS chip located on the chuck was moved/positioned to align it with the glass substrate. To properly bond the FLI bumps, the glass substrate was positioned on top of the die with a joint pressure of 20-30 MPa/bump. While the Ag epoxy is still wet (uncured), the chuck was then heated up to 120
• C for 1 min to fully cure the Ag epoxy bumps. 4) Connect the TLI to bond the Omnetics connector to the glass substrate using Ag epoxy. The process was similar to step no. 3. 5) Create hermetic encapsulation and NHE; in order to create NHE on the front side of the die, hydrophobic silicone microstructures were patterned using the dispensing system as shown in the SEM picture in Fig. 11 . Nearhermetic seal was created on the remaining three sides by using the combination of patterned silicone dispensing along the perimeter of the die followed by hard epoxy, explained in the next step. 6) Hard protection was a process to apply hard epoxy over the die to protect and introduce a near-hermetic seal.
F. Non-Hermetic Encapsulation (NHE)
To seal the MEMS chip nonhermetically, patterns of nonflow hydrophobic silicone microstructures were created. The 100% silicone was the DAP auto/marine waterproof sealant, which is clear (transparent) and commercially available in the hardware store. EFD dispensing technique, as shown in Fig. 4 , was used to pattern the silicone microstructures on the front edge of the die which enable the microelectrode to freely move in and out of the package boundary while simultaneously preventing biological fluids, such as CSF, to enter the MEMS active parts. A test under pressurized liquid immersion was done on the MEMS package after NHE to determine its breakdown pressure as shown in Fig. 7 .
G. Black Epoxy Seal
The remaining three sides of the die which were not accessed by the MEMS microelectrodes were sealed by black epoxy. A commercially available epoxy [from Epoxy Technology; mixing two parts, namely, part no. 353ND, part A (90%), and part no. 353ND, part B (10%)] cured at 120
• C for 5 min was used to generate the near-hermetic seal. The literature suggests that the epoxy does not produce a complete hermetic seal as per military standard but rather a near-hermetic seal [19] . At this stage, we have not yet tested the level of hermeticity of the black epoxy seal. A small opening was left on the back side of the die for air ventilation. This air ventilation was necessary to keep the pressure inside the MEMS chip enclosure close to ambient during implantation.
H. Force Measurements on the MEMS Actuator
Force measurements were performed on the packaged MEMS actuator. The MEMS package was held in place using a stereotactic equipment. The packaged MEMS actuator was then lowered by using a 5-DOF micromanipulator. The edge of the MEMS chip was placed at a distance of roughly 1-2 mm from the load cell surface. The load cell (MTC 10/30-ZER; Wipotec, Kaiserslautern, Germany) type was capable of measuring a maximum force of 2 g with a sensitivity of 0.1 mg. The microelectrodes were extended off the edge of the die by approximately 500 µm (along z-axis), leaving a distance of approximately 500 µm (vertically or along z-axis) between the microelectrode and the load cell. The microelectrodes were continuously monitored by a stereo zoom microscope and an LCD monitor. The microelectrodes were actuated further until it pushed down the load cell. The load cell was connected to a computer via a serial connector to send the collected force data in grams.
I. MEMS Implantation on the Rat's Brain
The packaged MEMS chip was mounted on the rat skull with the microelectrodes implanted in the brain through a craniotomy as shown in Fig. 16 . The rats weighed approximately 300 g in weight at the start of the experiment. All animal procedures were carried out with the approval of the Institute of Animal Care and Use Committee, Arizona State University, Tempe. The experiments were performed in accordance with the National Institute of Health guide for the care and use of laboratory animals (1996) . All efforts were made to minimize animal suffering and to use only the number of animals necessary to produce reliable scientific data. Prior to the start of the experiment, buprenorphine was administered as an analgesic. The animals were induced using a mixture of (50 mg/mL) ketamine, (5 mg/mL) xylazine, and (1 mg/mL) acepromazine administered intramuscularly with an initial dosage of 0.1 mL/ 100 g body weight and subsequently maintained using 1%-4% isofluorane gas. The rat was attached to a stereotaxic frame (David Kopf Instruments, Tujunga, CA). After the skull was exposed, two stainless steel bone screws (19010-10; Fine Science Tools, Inc., Foster City, CA) were screwed into the skull to act as anchors. A large craniotomy (3 × 2 mm) was drilled with the center point being 2.0 mm lateral to the midline and 2.5 mm posterior to the bregma. After the bone chips were removed, the dura was carefully incised and pulled back away from the center of the craniotomy. The device was mounted on a micromanipulator using beeswax and placed on the open craniotomy. After implantation, dental cement (PMMA) was used to secure the device to the skull.
III. RESULTS
A. Package Size and Weight
The flip-chip technology reduced the final package weight significantly from 4.5 g (using wire-bonding technology) to 0.5 g, which is almost an order of magnitude reduction in the overall assembled weight. Since the weight of the head of an adult rat is approximately 30 g (for a rat weighing 300 g), the aforementioned significant weight reduction will now allow neuronal monitoring without significant impairment to mobility and behavior which is very important in neurophysiological studies. The weight reduction also now allows for scaling up the number of devices and hence numbers of neurons to be monitored in vivo.
As shown in Fig. 8(a) and (b) , the flip-chip technology reduced the overall package dimension from "20 mm (L) × 15 mm (W ) × 5 mm (H)" to "12 mm (L) × 9 mm (W ) × 3 mm (H)" with ample space available on the glass substrate that would accommodate one or two more additional chips to be assembled in multichip-on-a-package configuration. As shown Fig. 8(a) and (b) , unlike the wire-bonding technique, the flip-chip technology provided a protection on the MEMS active parts. The MEMS structure could still be seen through the glass substrate, providing a convenient method to visually confirm bonding quality and microelectrode movement under the microscope. The proposed flip-chip technology was used to realize a chip-scale package with glass substrate and flexible Parylene-C interconnects, respectively, as shown in Fig. 8(c) and (d) .
B. Electrical Test of Ag Bumps in the Packaged MEMS Devices
Resistance measurements between the bond pads connecting the actuators and ground remained consistent before and after flip chip. The final resistance measurement after flip chip was comparable with the summation of the resistances at the silicon level (in the MEMS chip) and the resistances of the traces in the glass substrate. The electrical resistance of 100 µm (W ) × 100 µm (L) × 100 µm (H) Ag bump was measured using a four-point configuration and was run over 1 million on/off cycles (without failure) at a frequency of 10 Hz with a duty ratio of 50% at current densities ranging from 100 to 400 A/cm 2 . The results in Fig. 9 and in Table I showed a consistent average resistance of 40 mΩ which was negligible in comparison with the resistance of MEMS electrothermal microstructure (several hundreds of ohms). This result was in agreement with the previously reported electrical test on the Ag bump interconnect [23] .
However, the Ag bump resistance of 40 mΩ is relatively high in comparison with Cu pillars that have resistances of 0.8-1 mΩ for similar bump dimensions. Lower bump resistance is desirable for high-speed CMOS I/O application. Work is ongoing in our laboratory to reduce the bump resistance of Ag bumps to levels similar to Cu pillars. The current working hypothesis is that the poor contact resistance between the Ag bump and the Au pad is a significant contributor to the Ag bump resistance. Plans to reduce this contact resistance include controlled cleaning of the Au substrate prior to applying Ag bump and a thicker Au pad, which is currently only 0.25 µm.
C. Microelectrode Movement Test
After the MEMS packaging steps were completed, the microelectrodes were tested for its movement as shown in Fig. 10 . For this testing sample, the electrothermal microactuators moved a rotating gear, which, in turn, drove the MEMS microelectrode. To move the microelectrode forward [outside the package boundary, as shown in Figs. 9(b) and 10(a)], a current pulse of 300-ms duration was applied to open the forward-locking mechanism. In the middle of this 300-ms current pulse, another 100-ms pulse of current was applied to move the microelectrode forward by 8.8 µm. The total current required for two sets of pulses was 30 mA. The pulses were applied at the rate of 0.5-1 Hz. The electrode was able to move over a maximum displacement of 5 mm [the condition at Fig. 10(b) ]. To move the electrode backward [as shown in Fig. 10(c) and (d) ], similar set of pulses was required for backward-locking mechanism and the backward movement actuator.
D. NHE Pictures and Tests
A SEM picture of the NHE on the front side of MEMS die/ package is shown in Fig. 11 . The die thickness was 750 µm, and the glass substrate thickness was 500 µm. The channel access for the microelectrode was approximately 150 µm wide and 100 µm high created by patterned silicone microstructures. The glass substrate itself was dip coated with a thin-layer hydrophobic coating. The package was tested in water under constantly increasing water pressure, and it was found that the breakdown pressure of the NHE was 80 cm of water or 7.85 kPa. Micrographs of the patterned hydrophobic silicone on the front side of the package are shown with the MEMS chip facing up and with the MEMS chip facing down in Fig. 12 .
These patterned silicone microstructures will face the brain surface and be exposed to the CSF after mounting on the skull.
Since the primary function of the NHE was to act as a barrier against fluids (CSF, blood, and skin exudates) from the brain, the NHE of the front side of the package was first bench tested by dipping it into the following: 1) a bath of water at room temperature and 2) a bath of artificial CSF that maintained at body temperature (37 • C) while the MEMS microstructure was continuously monitored (by live CMOS camera recording) for any possible leaking. Fig. 13(a) and (b) shows the water-dipping test results before and after two days, respectively. After two days of tests, there was no trace of liquid water contamination on the MEMS chip as confirmed by visual observation under the microscope. As shown in Fig. 14 , a subsequent test was conducted by dipping the front face of the package into a bath of purple-colored water while actuating the middle microelectrode up and down at a frequency of 1 Hz. The test was conducted while continuously monitoring for possible water leak using a video camera. After more than 24 h of test (over 86 000 cycles), the MEMS chevron microactuators were still functional, and there was no visible trace of leaking on the MEMS chip.
As shown in Figs. 13 and 14 , the nonhermetic seal design on the MEMS package was successful in preventing water and CSF entry into the MEMS device. The leak test also showed no visible evidence of wetting of the 150 µm (W ) × 100 µm (H) microchannels due to the large water contact angle of the silicone used in the barrier. The microelectrode with a dimension of 50 µm × 4 µm was relatively small compared to the size of each microchannel; the presence of the fluid turbulence created by repeatedly moving the microelectrode in and out through the microchannels, as shown in Fig. 14 , did not break the hydrophobic boundary layer inside the microchannel.
E. Actuation Force Test
The force data for one microelectrode is shown in Fig. 15 . The spikes in the data beyond 12 s correspond to the times when the release locks are being activated and the microelectrode is moving down. The forces saturated when the microelectrode could not push the load cell down any further. The force experiment was carried out using chevron MEMS microactuators as shown in Fig. 2 . 
F. In Vivo Nonhermetic Test
The packaged MEMS device was placed on an open craniotomy to test for fluid entry and semihermetic encapsulation under chronic conditions. Two MEMS packages were implanted on rats. As seen in Fig. 16(a) , the packaged MEMS chip (with a weight of approximately 0.5 g) was held stable for rat #1 for 17 days. The package eventually failed due to a crack on the glass substrate. Fig. 16(c) shows the MEMS package on rat #2, where the package also failed 77 days after implantation due to cracks in the glass substrate. Both packages showed no evidence of liquid or blood contamination at the time of failure. The results indicated that NHE was potentially suitable for chronic experiments.
G. Three-Dimensional Stacks of Flip-Chip Devices
One of the advantages of flip-chip packaging is the ability to scale up the number of chips without necessarily increasing the X−Y form factor by facilitating 3-D stacks. The current study is extended to realize a chip-scale 3-D stack using flipchip technology and packaging processes detailed in Fig. 6 . A 3-D flip-chip stack, where one MEMS die containing the same mechanical structures (chevron microactuators) as the one shown in Fig. 2 is bonded/flip chipped on top of the other by using Ag bumps (a total of 18 bumps/die), is shown in Fig. 17 . A 3-D stack of two dies is shown in Fig. 17(a) , where the base die is flip chipped on the glass substrate for electrical connection and the second die is flip chipped on the back side of the first die. A 3-D stack with three dies is shown in Fig. 17(b) after the third die is flip chipped on top of the second die.
While the second and third dies are not yet electrically connected [as shown in Fig. 17(a) and (b) ], the results demonstrate the ability to use the current flip-chip packaging technique and processes to realize 3-D flip-chip stacks. We are currently working on different options for electrical interconnects, such as 3-D through-silicon via, interposer and second-level interconnect bumps, and flexible Parylene interconnects to electrically connect these 3-D stacks of dies.
Following the processing steps as shown in Fig. 6 , black epoxy (step no. 6) is applied on each layer of die as shown in Fig. 17 . There is a possibility of reducing the packaging steps by applying the step no. 6 after all dies are fully flip chipped. To achieve this, dies will have to be stacked in 3-D fashion using Ag bumps that mechanically connect/bond one die to the other. While this may potentially lead to more efficient processes, the mechanical strength that Ag bumps can handle remains a concern as more dies are stacked. The amount of force needed to totally shear/detach the top die in a 3-D stack from the die immediately underneath as a function of the numbers of dies in the stack is shown in Fig. 18(a) . The first and second trials are for the case where there is no epoxy encapsulation applied to the package. The shear force was measured using a load cell with an accuracy of 1 g and a maximum reading of 1000 g. The apparatus was attached to the top die, and the whole package was attached to an X, Y, Z stage. While the stage was moved along the X-direction, the apparatus experienced a reaction force that sheared the interconnect bumps until they failed. As the die is fully sheared or detached, the failed bumps are observed under the microscope to identify the cause of failure. The results of the visual analysis under the microscope are summarized in Table II (Fig. 19) . Fig. 18(b) shows the amount of shear stress experienced by each bump when the top die failed. The shear stress was obtained by dividing the total amount of force, as shown in Fig. 18(a) , by the total amount of area of failed Ag bumps. As shown in Table II , for one stack, most of the bump failures are close to the interface between the Al surface and the Ag bumps. This type of failure signature is similar to the failure when each Ag bump is individually sheared. The breakdown shear stress/bump on one-stack configuration is around 35 MPa, which is significantly lower than the breakdown shear stress/ bump when each is individually sheared (78 MPa). As more stacks are applied (two dies or more), the shear strength/bump is reduced to the level of 18-20 MPa, which is mainly caused by poor adhesion between Ag bumps and rough Si surface.
As shown in Fig. 18(a) , when the epoxy encapsulation is applied, the force required to shear the top die exceeds the maximum force capacity of 1000 g for the load cell used. As expected, the epoxy encapsulation provides a significant improvement on the mechanical strength of the 3-D stacks. Visual inspection on the base die (bottom die) shows that Ag interconnects are attached to the glass substrate with no sign of failure.
IV. DISCUSSION
In this report, a MEMS testing sample consisting of MEMS movable microelectrode was used to demonstrate a novel flipchip packaging and NHE approach. The electromechanical operations of these electrodes involved electrothermal heat strips with a minimum dimension of 2 µm and ratchets and pawls that moved a 6-mm-long microelectrode with a 50 µm × 4 µm cross section resting on the surface of the die. The bond pads were approximately 75 µm from the nearest mechanical structures. The mechanical complexity of the MEMS structures in the test sample and the successful creation of FLI in such close proximity to complex mechanical structures make the packaging approach demonstrated here more broadly applicable to other types of MEMS chips.
The change of packaging technique from wire bonding into flip chip reduced the package dimensions and weight significantly from 4.5 to 0.5 g or less (depending on the thickness and material of the substrate) as shown in Fig. 8 . Furthermore, an extra encapsulation by using a thin transparent glass was required in the prior wire-bonding method to cover and protect the bonded wires as shown in Fig. 3 . The custom-made flipchip machine demonstrated was still in the research and development stages, where the operation was completely manual capable of producing approximately ten fully packaged MEMS in one day depending on the skill of the user. We are currently upgrading this machine to a more automated operation to achieve higher throughput.
Dispensing technique was used to create 100-µm-high Ag bumps; the process steps for these Ag bumps were explained previously [23] . The Ag bump FLI can potentially be applied either at the chip or wafer level for packaging. While, in this study, we have only shown a 100-µm-diameter bump with a gap of 100 µm, this FLI technology has been proven to work for 50-µm-diameter bump with the gap of 50 µm. Currently highend CPU uses Cu bump/pillar as the interconnects with 45-µm diameter and 45-µm gap. We are currently working to further improve the FLI technology to create 25-µm-diameter bumps with a gap of 25 µm for fine-pitch flip-chip integration. The packaging processes reported here did not include the wafer dicing step because the testing sample was received after dicing and after release. It is possible that wafer dicing, which is often considered as the most destructive process in MEMS, might impact the packaging steps reported here. We are currently developing a wafer-scale approach for MEMS packaging using the techniques reported here.
The microelectrodes were extended outside the MEMS boundary to penetrate the brain tissues after implantation for neuronal recordings. Similar situations exist for a number of MEMS sensor devices such as pressure sensors, glucose sensors [31] , and chemical sensors [32] that require some access to the external environment. In the current study, the size of the clearances in the silicone microstructures (to allow microelectrode access) and the hydrophobic nature of these microstructures seemed adequate to prevent fluid entry through these pores until a breakdown pressure of 80 mm of water as shown in Fig. 7 . This pressure is significantly larger than the intracranial pressure of the brain (6.5-18 cm of water [33] in human).
The NHE was also tested by dipping the MEMS package into a bath of purple-colored water while actuating the microelectrode up and down. The rationale of actuating these microelectrodes was to break the potential boundary layer formed at the opening in the silicone microstructures and increase the chance of turbulence that might help the water to enter the MEMS active part. The test was carried out for more than 24 h, which translated to more than 86 000 up and down cycles at the frequency of 1 Hz. The results showed no visible entry of water/liquid and/or contamination on the MEMS active part. One may argue that there was still a chance for water vapor or moisture to contaminate the MEMS enclosure driven by the humidity difference between the water bath and the MEMS enclosure. However, it was expected that the moisture contamination or the increase of humidity inside the MEMS enclosure was minimal because ventilation was provided on the back of the die for the ambient air to circulate in and out of the MEMS enclosure.
After the MEMS chip was completely packaged, the MEMS microelectrode was tested for its force generation. Because the load cell can only detect uniaxial force, microelectrode buckling might have introduced some inaccuracy in the force reading. It is quite likely that the forces shown in Fig. 15 were marginally less than the actual forces exerted by the microactuators on the microelectrodes. The force generated by the MEMS microelectrode was approximately 450 µN, as shown in Fig. 15 , which is sufficient to move the microelectrode inside the brain tissue. Jensen et al. showed that it required approximately 180 µN to move the microelectrode once the electrode was approximately 2 mm deep in the rat cerebral cortex [34] , [35] .
Results of an in vivo study to test the NHE are shown in Fig. 16 . Two rats were tested with the same MEMS implant. The MEMS package on rat #1 showed failure after 17 days of implant. The failure was not due to a failure in the semihermetic encapsulation but rather due to a crack on the glass package. Visual observation on the MEMS package under the microscope after 17 days showed no evidence of blood or fluid penetration into the MEMS active part. The MEMS structures and Ag bump joints remained clean and intact. MEMS package on rat #2 showed failure after 77 days of implant. Again, the failure was due to cracks on the glass package. There was no evidence of contamination on the MEMS chip. Mechanical stresses induced during rat behavior were most likely responsible for the cause of cracks in the glass substrate. Such failures can be mitigated by increasing the thickness of the glass substrate from 0.5 to 1 mm or higher and provide an outer foam encapsulation to cushion the impact of behavioral collisions.
The flip-chip packaging processes introduced in this paper include the following three steps that could potentially result in outgassing: 1) the curing process of Ag epoxy in the FLI at 120
• C for 1 min; 2) the curing process of silicone microstructures at room temperature for 24 h; and 3) the curing process of the black epoxy (hard protection) at room temperature for 24 h. The aforementioned sequence of packaging steps was tested on the MEMS device that consisted of a highly sensitive movable microactuator fabricated using the SUMMiTV process in Sandia National Laboratories, NM, with the minimum feature size of less than 2 µm. The microelectrode (50 µm wide and 4 µm thick) sat directly on the die's surface and moved along the "in-plane (x-axis)" direction. A thin layer of surface contamination on the path of microelectrode which is movable can potentially jam/freeze the microelectrode's movement. A solid particulate contamination in or on the MEMS active structure would impede, hinder, or choke the electrothermal microstructures, which are suspended 2 µm above the die's surface. The postprocessing inspection at every step of the flip-chip packaging process showed that there was no visible surface contamination of the active MEMS structures after the Ag epoxy bumping step, silicone curing, and black epoxy curing.
The MEMS devices were tested for function before (by using a probe station) and after the packaging processes were completed. The static (one-increment-step movement of 10 µm) and dynamic (moved at 10-Hz frequency with the maximum stroke of 5 mm) results showed that the possible outgassing that occurs during the flip-chip packaging processes creates no apparent detrimental effect on the MEMS functionality.
The Ag FLI introduced in this paper adheres well mechanically with a variety of surfaces including Al, a CMOS standard metallization that normally does not adhere well with solder paste. Under bump metallization (UBM) is normally needed to mechanically and electrically connect the Al-based metal layers to Cu pillar or solder bumps. Ag bump, introduced in this paper, does not require UBM as it performs a strong mechanical contact with Al pad with the shear strength of 78 MPa and forms a good electrical interconnect with Al pad with negligible contact resistance.
In the case of 3-D stacks of MEMS dies, the mechanical shearing force-that bonds the top die to the die underneathdecreases as more stacks are applied when there is no epoxy encapsulation as shown in Fig. 18(a) . While the base (bottommost) die experienced the greatest amount of load (a combination of shear force, bending, and torsion), the first die (on the top) failed first. This result was rather counterintuitive. Visual inspection under the microscope showed that the failure was caused by poor adhesion between the Ag bumps and the Si-die surface, which was rough (nonpolished). The coarse Si surface roughness causes a poor quality of contact with the Ag bumps during the reflow process, which leads to a lower bonding strength. To significantly improve the bonding strength, one must polish the back side of the wafer and provide adhesion layer such as Ti/Cu that adheres well with most metallic joints, including Ag bumps. The breakdown shear stress/bump on onestack configuration is around 35 MPa, which is significantly lower than the breakdown shear stress/bump when each is individually sheared (78 MPa). When a die is sheared, all bumps (18 in total) experienced not only shear stress but also bending stress. Furthermore, an avalanche effect may occur as the load is applied to the die where failure in one bump increased the loading stress on the remaining bumps, which led to failures in more bumps.
We had reported a novel MEMS microflex interconnect (MMFI) technology earlier [36] to create chip-scale packaging and interconnect for MEMS chips. The present approach using flip chip provides significant advantages over the previous MMFI approach. Briefly, MMFI involved sandwiching a flexible polyimide interconnect between two gold stud bumps in a rivet-bonding mechanism on the electrical bond pads on the die. The polyimide interconnect was locked in place by vias etched through the substrate at the center of each bond pad. These holes in the polyimide substrate were then aligned with the gold stud bumps on the die, and a second gold stud bump was placed on top of the first stud bump to lock the polyimide substrate. The MMFI method provided an attractive approach to develop a flexible interconnect scheme for MEMS chips with the following features: 1) a 15-20-µm clearance between the silicon die and polyimide substrate which was adequate for the mechanical structures to operate without hindrance and 2) a high reliability. The current flip-chip packaging and interconnect approach performs better than the MMFI in the following aspects. When there are a large number of bond pads, MMFI becomes rather tedious, and small errors in the placement of stud bumps leading to off-center bumps on the bond pads of the die lead to significant difficulties in aligning all the holes (bond pads) in the flexible interconnect with the corresponding stud bumps on the die. Furthermore, since the stud bumps were done sequentially, it led to random errors in the stud-bump placement as opposed to a systematic bias in the relative position of all the individual stud bumps with respect to the bond pads. Unfortunately, the former type of error can be sometimes catastrophic for successful interconnects leading to lower yield in the process. The flip-chip-based technology described here is a much simpler process that scales very well with increasing number of bond pads. More importantly, offcenter bumps do not impact the functionality of the interconnect. Additionally, the flip-chip-based process described here can achieve a clearance of 100 µm or more since it allows for the creation of high-aspect-ratio FLI bumps.
Unlike the previously reported flip-chip packaging designs by Erismis et al. [25] , Panchawagh et al. [14] , and Dy and Ho [27] , the flip-chip packaging approach introduced in this paper contains the following distinct novelties that can be summarized as follows.
1) The flip-chip technology introduced in this paper provides not only the protection to the MEMS active devices but also the electrical interconnect from the MEMS die to the substrate through Ag FLI bumps. This latter function eliminates the need of additional wire-bonding technique which may not be the best interconnect for long-term biomedical application. 2) The NHE technique introduced in this paper to protect the MEMS active mechanism against liquid (water) contamination was developed without the need of additional microfabrication process that must be incorporated in the MEMS foundry. This advantage makes this NHE more general and can be used for a wide MEMS application.
3) The flip-chip bonding involved a low-temperature curing process at 120
• C for 1 min, which is relatively safe for most MEMS devices and packages. The low-temperature and short-time curing process reduces the potential residual stress and promote energy-efficient process. 4) The large clearance between Si die and substrate-that can be tailored (25-100 µm) depending on the height of Ag bumps [23] -provide the following: 1) a forgiving tolerance in the flip-chip process against prior substrate defects (such as large bowing that is more than the tolerance specifications) and 2) the potential ability to use a flexible substrate such as polyimide and Parylene.
V. CONCLUSION
In this paper, a flip-chip-based packaging approach for a MEMS chip with complex mechanical gears and actuators has been described. The packaging technology reduced the overall package size and weight significantly from 5 (from the previously designed wire-bonded package) to 0.5 g. In order to mechanically and electrically connect the MEMS chip to the glass substrate, previously reported Ag bumps [23] were used, which provide approximately 100-µm clearance between the die and the substrate surfaces. The clearance was more than adequate to allow free movement of the electrothermal heat strips, microelectrodes, ratchets, pawls, and other mechanical structures on the die. To protect the MEMS active structure from possible contamination from CSF, blood, and skin exudates after the animal implantation while allowing accesses for three microelectrodes to move in and out of the package boundary, an NHE was created on the front side of the package. Bench top testing and in vivo testing of fully packaged MEMS devices demonstrated the success of the flip-chip interconnects and the NHE. The results from in vivo testing show no trace of contamination from the CSF to the MEMS structure for over 17 and 77 days, respectively. The packages failed due to cracks of the glass substrate caused by the active animal behavior. The flip-chip approach also proposed here also enabled the development of mechanically stable 3-D stacks of MEMS chips providing an exciting opportunity to scale up the number of MEMS microelectrodes for brain implant application.
